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An algorithm for the comparative sequencing (COMPAS) of oligonucleotides is shown to be
suitable for the sequence verification of nucleic acids ranging in length from a few to 80
nucleotides. The algorithm is based on the matching of a fragment ion spectrum generated by
collision-induced dissociation to m/z values predicted from a known reference sequence
employing established fragmentation pathways. Prior to mass spectrometric investigation, the
oligonucleotides were on-line purified by ion-pair reversed-phase high-performance liquid
chromatography using monolithic separation columns. This study evaluated the potential and
the limits of COMPAS regarding the length and the charge state of oligonucleotides, the
selected collision energy, and the analyzed amount of sample using a quadrupole ion trap
mass spectrometer. The results revealed that oligonucleotides could be very reliably re-
sequenced up to 60-mers, although the algorithm was successfully used to even verify
sequences up to 80-mers. The relative collision energy was typically in the range between 13
and 20%, which allowed in most cases a verification of the reference sequence in a window of
at least three consecutive collision energies. To select a proper charge state for fragmentation,
a compromise had to be found between high signal intensity and low charge state.
Furthermore, by reducing the eluent flow rate during elution of the oligonucleotide, the
sequence of a 50-mer was successfully verified from the analysis of 295 fmol of the raw
product. COMPAS was proven to be reproducible and was applied to the genotyping of the
polymorphic, Y-chromosomal locus M9 contained in a 62-base pair polymerase chain reaction
product. (J Am Soc Mass Spectrom 2004, 15, 510–522) © 2004 American Society for Mass
SpectrometryThe generation of sequence data represents anessential part of nucleic acids research and appli-cations. The quality and integrity of synthetic
oligonucleotides has to be controlled carefully before
utilization in therapeutic and diagnostic protocols [1].
Equally important is the discovery and characterization
of sequence variation in nucleic acids of biological
origin. Valuable insights in inherited disposition to
disease as well as in human origin and gene migration
are facilitated by information about genetic diversity [2,
3]. In due consequence, the discovery of small dissimi-
larities in DNA sequences of different individuals,
so-called single nucleotide polymorphisms (SNP), is
Published online February 2, 2004
Address reprint requests to Dr. C. G. Huber, Instrumental Analysis and
Bioanalysis, Saarland University, P.O. Box 15 11 50, 66041 Saarbru¨cken,
Germany.© 2004 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/04/$30.00
doi:10.1016/j.jasms.2003.12.002rapidly gaining significance [4]. Since polymorphisms
between two randomly chosen chromosomes occur
only at a frequency of one in 800–62,000 base pairs [5],
their discovery by conventional Sanger sequencing
would dissipate a lot of time and experimental effort for
the determination of already known sequences. Hence,
a considerable number of different methodologies for
screening for polymorphisms and for determining indi-
vidual allelic states have been developed, which have
been reviewed recently [6, 7]. Matrix-assisted laser
desorption/ionization mass spectrometry MALDI-MS
[8, 9] and electrospray ionization mass spectrometry
(ESI-MS) [10–12] have been successfully applied to the
investigation of sequence variations in nucleic acids.
In this context, we have introduced ion-pair re-
versed-phase high-performance liquid chromatography
on-line interfaced to electrospray ionization mass spec-
trometry (ICEMS) as an analytical tool for the charac-r Inc. Received August 7, 2003
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18]. ICEMS enables the detection of SNPs based on the
determination of the intact molecular mass using low
femtomol amounts of DNA fragments up to lengths of
more than 100 base pairs. However, ICEMS suffers from
the limitation that knowledge about the molecular mass
is not sufficient to unequivocally determine the position
of a variation within a given DNA sequence. In this
regard, tandem mass spectrometry (MS2), in which
sequence information is gained from fragmentation by
collisions in the gas phase, has high potential for
evaluating DNA sequences for unknown variations
relative to a given genomic sequence.
The groundwork for sequencing approaches by MS2
has been laid by several studies investigating the frag-
mentation reactions of oligonucleotides following on
the gas-phase collision-induced activation (reviewed in
[1, 19–22]). Nevertheless, manual spectrum interpreta-
tion is challenging and time consuming, especially with
fragment ion spectra of long oligonucleotides showing
a plethora of signals. Hence, McCloskey and cowork-
ers have developed the Simple Oligonucleotide Se-
quencer (SOS) algorithm for the automated determi-
nation of unknown oligonucleotide sequences by
electrospray ionization tandem mass spectrometry
(ESI-MS2) [23, 24]. The algorithm works by extending
from both the 5 (a-B ions) and 3 (w ions) ends ion
series encoding the complete DNA sequence. Mass
ladders are identified by sequentially adding each of
the four possible nucleotide masses and searching the
spectrum for the best match of expected ions. Because
the algorithm relies on the presence of fragment ions
for each position in the oligonucleotide, SOS is re-
stricted to oligomers at approximately the 20-mer
level and below [24].
We have recently introduced a comparative sequenc-
ing algorithm (COMPAS) for the computer-aided inter-
pretation of fragment ion spectra generated by ESI-MS2
[25]. By combining ion-pair reversed-phase high-perfor-
mance liquid chromatography-electrospray ionization
tandem mass spectrometry (ICEMS2) with the COM-
PAS algorithm, the sequences of synthetic oligonucleo-
tides ranging in length up to 39-mers were successfully
verified. Moreover, the alleles of two SNPs were un-
equivocally genotyped in a 73 bp fragment containing
the human STS G-101769 site [16]. Extending these
recent communications, we report here on the use of
COMPAS for the sequence verification of nucleic acids
with lengths up to 80 nucleotides (nt). Moreover, we
demonstrate that experimental parameters like precur-
sor ion charge state, sample concentration, and collision
energy have a significant impact on sequencing results
and thus have to be selected carefully. As a result of
these optimization efforts, COMPAS was proven to be
highly reproducible and was applied to the sequence
verification of a 62 base pair (bp) product of polymerase
chain reaction (PCR).Experimental
Chemicals and Oligonucleotides
Acetonitrile (HPLC gradient-grade) was obtained from
Merck (Darmstadt, Germany). A stock solution (0.50 M)
of butyldimethylammonium bicarbonate was prepared
by passing carbon dioxide gas (AGA, Vienna, Austria)
through a 0.50 M aqueous solution of butyldimethyl-
amine (Fluka, Buchs, Switzerland) at 5 °C until pH 8.4
was reached. For preparation of all solutions, HPLC-
grade water (Merck) was used. The synthetic oligonu-
cleotides listed in Table 1 were ordered from Mi-
crosynth (Balgach, Switzerland) or from GIBCOBRL
(Rockville, MD) and used without further purification.
The 62 bp PCR product of the Y-chromosomal locus M9
was amplified according to a recently published proto-
col [17].
Capillary HPLC Coupled to ESI-MS2
The HPLC system consisted of a low-pressure gradient
micro pump (model Rheos 2000, Flux Instruments,
Basel, Switzerland) controlled by a personal computer,
a vacuum degasser (Knauer, Berlin, Germany), a col-
umn thermostat made from 3.3 mm o.d. copper tubing
which was heated by means of a circulating water bath
(model K 20 KP, Lauda, Lauda-Ko¨nigshofen, Germany),
and a microinjector (model C4-1004, Valco Instruments
Co. Inc., Houston, TX) with 500 nL internal sample
loop. ESI-MS2 was performed on a Finnigan LCQ
quadrupole ion trap mass spectrometer (Thermo Finni-
gan, San Jose, CA) equipped with an electrospray ion
source. The 60  0.2 mm i.d. monolithic capillary
column was prepared according to the published pro-
tocol [13] and connected directly to the spray capillary
(fused silica, 90 m o.d., 20 m i.d., Polymicro Tech-
nologies, Phoenix, AZ) by means of a microtight union
(Upchurch Scientific, Oak Harbor, WA). A syringe
pump equipped with a 250 L glass syringe (Unimet-
rics, Shorewood, IL) was used for the post-column
addition of a 3.0 L/min flow of acetonitrile by means
of a tee-piece. For analysis with pneumatically assisted
ESI, an electrospray voltage of 5.0 kV and a nitrogen
sheath gas flow of 100 arbitrary units were employed.
The temperature of the heated capillary was set to 250
°C. Total ion chromatograms and mass spectra were
recorded on a personal computer with the Xcalibur
software version 1.1 (Thermo Finnigan).
Mass calibration and coarse tuning were performed
in the positive ion mode by direct infusion of a solution
of caffeine (Sigma, St. Louis, MO), methionyl-arginyl-
phenylalanyl-alanine (Finnigan), and Ultramark 1621
(Finnigan). Fine tuning for ESI-MS of oligonucleotides
in the negative ion mode was performed according to
reference [26]. For MS2 experiments, the isolation width
and the relative collision energy were set to 4.0 mass
units and 13–20%, respectively. 0–100% relative colli-
sion energy correspond to a high frequency alternating
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mum-to-maximum. Helium, present in the ion trap at a
pressure of 0.1 Pa, served as collision gas.
Computer-Aided Data Interpretation
All calculations were performed on a personal com-
puter under Windows NT operating system (400 MHz
Pentium, 128 MB RAM). Measured MS2 spectra of
oligonucleotides were exported from the Xcalibur Soft-
ware (Thermo Finnigan) as ASCII files. Automated
comparison of measured and predicted spectra was
performed with a program written in ActivePerl 5.6.1
(Active State Corporation, Vancouver, BC, Canada). A
copy of the program for academic use is available upon
request from the corresponding author. All data were
collected, evaluated, and prepared for final output in
Microsoft Excel for Windows 2000. Correlation dia-
grams were prepared from the Excel data using Origin
6.0 (OriginLab Corporations, Northampton, MA).
Results and Discussion
Comparative Sequencing Strategy and Algorithm
The starting point of our sequencing strategy relies on
the fact that for many applications there is no need for
a complete de novo determination of an unknown
sequence but merely to confirm identity or to reveal
small differences compared to a known sequence. In
this context, sequencing by MS2 represents an attractive
alternative to conventional Sanger sequencing, because
sequence-specific data can be obtained rapidly upon
Table 1. Sequences, molecular masses Mr, and analyzed amoun
in this study
No. Sequence
1 CAGTGATGCG AGCGTTCTTA TCGATGAATT
CGAGCTCG
2 CGAGCTCGAA TTCATCGATA AGAACGCTCG
CATCACTG
3 CGGTGTCGGT CTCGTAGCAG AAGGCTCAAT
TTCCGTAAT
4 CGATTACGGA AATTGAGCCT TCTGCTACGA
GACCGACACC G
5 CTTCTGTGGG TAATTTGTTT GTTCCTGTCA
ATCAGCTATC AGGAGGACTG
6 AAACCACATT CTGAGCATAC CCCCAAAAAA
TTTCATGCCG AAGCTGTGGT C
7 CCGGTGAACG GCTCGTGCCA AGTTCTGCTC
CAGTCTTGTC TTGCCTTTTG CCAGTAACTT
8 GACGATCAGC TTCAAGTACA GTCCCGTATG
CTGGTGATAG CTGAGTAAGC TAGTAATCCC
AAGTTTCAGA
9 CCCTTCCGGC TGGCTGGTTT ATTGCTGATA
AATCTGGAGC CGGTGAGCGT GGGTCTCGCG
GTATCATTGC AGCACTGGGG
M9 AACGGCCTAA GATGGTTGAA
T(G/C)CTCTTTAT
TTTTCTTTAA TTTAGACATG TTCAAACGTT CAcollision-induced fragmentation of nucleic acids and
subsequent mass analysis of the fragments. Neverthe-
less, manual interpretation of the fragment spectra
remains time consuming and prone to error, and hence,
automated spectrum interpretation using suitable algo-
rithms is strongly desirable.
The details of the COMPAS algorithm for the auto-
mated interpretation of oligonucleotide MS2 spectra
have been described in detail elsewhere [25]. Briefly,
COMPAS involves the comparison of a measured MS2
spectrum to a set of fragment ion m/z values predicted
from a reference sequence. The closeness of matching
between the measured spectrum and the predicted set
of ions is characterized by a value FS for the fitness. The
fitness value is calculated taking into account the dif-
ference () between measured and predicted m/z val-
ues, the relative intensity (I%) of the assigned fragment
ions, the number of fragments assigned (K), and the
number of nucleotide positions not covered by frag-
ment ions in the experimental spectrum (M) according
to the following relationship:
FS  a  1/K  100  I%  b  K  c  M
The coefficients a, b, and c are introduced to weigh the
relative contributions of the three terms in the formula
(a  1, b  1.3/K2  [100  /I%], c  0.1, for details,
refer to [25]). The smaller the value for fitness, the closer
the match between measured spectrum and predicted
m/z values. In order to identify sequences that possibly
better fit the experimental data, one nucleotide in the
the oligonucleotides (1–9) and the PCR amplicon (M9) analyzed
Length [nt] Mr [Da] Amount [pmol]
38 11724.6 85.3
38 11631.6 86.0
39 12013.8 83.2
41 12579.2 79.5
50 15419.0 64.9
51 15580.2 40.8
60 18341.9 62.4
70 21612.1 53.4
80 24788.0 16.5
62 38174.9 0.1ts of
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tive nucleotide followed by recalculation of the fitness
value using fragment ions predicted from that alterna-
tive sequence. A smaller fitness value indicates that the
alternative sequence fits the experimental data better
than the original reference sequence, whereas a larger
fitness value identifies the original reference sequence
as the better fit. Analogous nucleotide exchanges are
then performed sequentially at all positions in the
sequence, incorporating all possible nucleotides. The
sequence fitting the experimental data best is identified
by that sequence having the lowest absolute fitness
value.
Comparative Sequencing of an 80-mer
Oligonucleotide
The success of MS2 sequencing largely depends on the
purity of the sample presented to the mass spectrome-
ter, because cation adduction and/or ion suppression
by coeluting species significantly reduce the abundance
of ions to be selected for fragmentation. Therefore, we
have utilized ion-pair reversed-phase high-perfor-
mance liquid chromatography (IP-RP-HPLC) as the
sample preparation method which not only efficiently
removes adducted cations and other low molecular
mass components coming from solid-phase oligonucle-
otide synthesis or PCR, but also fractionates mixtures of
nucleic acids prior to their mass spectrometric
investigation. Figure 1a illustrates the reconstructed ion
current chromatogram derived from an ICEMS2 exper-
iment investigating an 80-mer sequence (Oligonucleo-
tide 9, Table 1). 16.5 pmol of the synthetic raw product
were purified using a gradient of acetonitrile in 25 mM
butyldimethylammonium bicarbonate. The MS2 spec-
trum originated from fragmentation of the 20- charge
state at 17% relative collision energy (Figure 1b) and
was extracted as the average of 25 scans from the peak
eluting from the monolithic, 200 m i.d. poly-(styrene/
divinylbenzene) capillary column at 6.5 min.
It is obvious that manual interpretation of the mass
spectrum shown in Figure 1b is practically impossible
because of the high number and relatively low intensity
of observed fragment ions. For automated spectrum
interpretation, the mass spectral data, namely m/z val-
ues and relative intensities of the fragments, were fed
into the COMPAS algorithm and the fitness values
using the reference sequence and alternative sequences
were calculated. The results of COMPAS are conve-
niently presented in a correlation diagram in which the
fitness values of the reference sequence as well as those
of alternative sequences are plotted against the posi-
tions at which the nucleotides were exchanged. While
the fitness value for the original reference sequence
remains at a constant value throughout the diagram,
fitness values for alternative sequences fall below or
above that of the reference sequence, indicating better
or worse fits of the data.
In Figure 1c, the fitness value for the referencesequence remains the lowest throughout the correlation
diagram of fitness versus position of nucleotide ex-
change, while none of the alternative sequences indi-
cated by the position and type of base exchange in the
diagram resulted in a better fit. Hence, the correlation
diagram for the 80-mer oligonucleotide (Figure 1c)
proves that the reference sequence of oligonucleotide 9
(Table 1) and the sequence of the investigated oligonu-
cleotide were identical and that none of the alternative
sequences showed a better fit. This example verifies that
the fully automatable algorithm can be used to confirm
the identity of an oligonuclotide sequence with a refer-
ence sequence even for long-chain oligonucleotides
yielding highly complex MS2 spectra. In order to inves-
tigate the general applicability of the comparative se-
quencing algorithm, we subsequently evaluated the
influence of several experimental parameters including
precursor ion charge state, collision energy, concentra-
tion, and length of the oligonucleotide, respectively, on
the results of COMPAS for the sequence verification of
38- to 80-mers.
Charge State Effects on the Sequence Verification
of a 60-mer Oligonucleotide
A general result of electrospray ionization of polyionic
biopolymers is a bell-shaped distribution of multiply
charged ion species. The distribution and relative abun-
dances of the charge states have been shown to depend
primarily on the length and base composition of the
oligonucleotide [27, 28] as well as on the composition of
the electrosprayed solution [29]. It is known from
literature that for single- and mixed-nucleobase oligo-
nucleotides the relative abundances of the product ions
derived from a given oligomer are highly dependent
upon the charge state of the precursor ion [30–32]. It has
been also noted that a lower overall charge of the
precursor ion increases the observed number of differ-
ent sequence specific fragments. Although these studies
were performed with oligonucleotides having a length
equal or smaller than 12 nt, we can assume that the
precursor ion charge state has to be selected even more
carefully for verifying the sequence of long-chain oligo-
nucleotides because of its significant impact on the
fragmentation pattern.
To study the influence of the precursor ion charge
state on COMPAS, we utilized a 60-mer of mixed
sequence (Oligonucleotide 7, Table 1) for a series of
ICEMS2 experiments. The 60-mer was separated from
its byproducts using a gradient of 2 to 28% acetonitrile
in 25 mM butyldimethylammonium bicarbonate in 10
min. In a first step, the raw mass spectrum (Figure 2a)
was extracted as the average of 20 scans from the peak
eluting at 5.3 min. Deconvolution of this spectrum
yielded an intact molecular mass of 18,341, which
correlated well with the theoretical mass of 18,341.9 and
verified the base composition of the oligonucleotide. In
the ensuing experiments different charge states, namely
12-, 15-, 17-, 19-, and 22-, were isolated and fragmented
itrile
514 OBERACHER ET AL. J Am Soc Mass Spectrom 2004, 15, 510–522using a relative collision energy of 15%. The corre-
sponding mass spectral data served as input for the
COMPAS algorithm, and the resultant correlation dia-
grams of fitness versus position of the 60-mer are
depicted in Figure 2b–f. The sequence was successfully
verified with the 15-, 17-, and 19- charge states.
On the contrary, the sequence could not be proven
correct by using the data obtained from the isolation
and fragmentation of the 12- and 22- charge states. The
Figure 1. Sequence verification of a synthetic 8
gram, (b) extracted MSMS spectrum, and (c) co
80-mer oligonucleotide. Column, PS-DVB mono
butyldimethylammonium bicarbonate, pH 8.40, (
8.40, 40% acetonitrile; linear gradient, 10–50% B
nl/min after 5.5 min; temperature, 70 °C; produ
isolation width, 16% relative collision energy; sc
gas, 100 units; sheath liquid, 500 nL/min aceton12- charge state has the lowest signal intensity of all
charge states used for this study (Figure 2a). Therefore,
the number of fragment ions and in particular the
abundance of sequence specific fragment ions was too
small for a correct sequence verification using COMPAS
(Figure 2b). In contrast, the signal intensity of the 22-
charge state was sufficient to yield enough detectable
fragment ions. Nevertheless, due to the high number of
negative charges or the low number of protons trans-
r. (a) Reconstructed total ion current chromato-
tion diagram of fitness versus position for the
60  0.20 mm i.d.; mobile phase, (A) 25 mM
mM butyldimethylammonium bicarbonate, pH
0.0 min; flow rate, 2.0 L/min reduced to 500
s of the 20- charged species at m/z 1238.1, 4.0 u
40–2000 u; electrospray voltage, 5.0 kV; sheath
; sample, 16.5 pmol of the 80-mer.0-me
rrela
lith,
B) 25
in 1
ct ion
an, 3
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515J Am Soc Mass Spectrom 2004, 15, 510–522 DNA SEQUENCING BY MS2ferable from the phosphate backbone to any one of the
bases, which could initiate base loss and subsequent
fragmentation of the oligonucleotide, only few and
dominant fragmentation pathways were observed upon
CID. This charge state effect was observed by
Figure 2. Charge state effects on the sequenc
spectrum of the 60-mer, (b)–(f) correlation diag
states of the 60-mer. Linear gradient, 10–70% B i
the 12- charged species at m/z 1526.8, (c) 15- at m
963.9, (f) the 22- at m/z 832.3, 4.0 u isolation wi
sample, 62 pmol of oligonucleotide 7; other conMcLuckey and Vaidyanathan for small, highly charged
oligonucleotides [31] and is most probably responsible
for the observed failure to confirm the sequence with
the 22- charge state of the 60-mer. In consequence, for
successful application of COMPAS the lowest possible
ification of a 60-mer oligonucleotide; (a) mass
obtained by fragmentation of different charge
min; flow rate, 2.0 L/min; product ions of (b)
21.2, (d) the 17- at m/z 1077.4, (e) the 19- at m/z
5% relative collision energy; scan, 500–2000 u;
s as in Figure 1.e ver
rams
n 10.0
/z 12
dth, 1
Table 2. Results of 172 ICEMS2 - COMPAS experiments with 9 different oligonucleotides.
Conditions, collision energies and selected charge states are given in the Table, other conditions as in Figure 1. Oligonucleotide sequences are given in Table 1.
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517J Am Soc Mass Spectrom 2004, 15, 510–522 DNA SEQUENCING BY MS2charge state having a relative abundance of at least
30-50% should be selected for fragmentation.
Influence of Collision Energy and Charge State on
COMPAS of 38- to 80-mer Oligonucleotides
To get a more general impression of the applicability of
COMPAS for the sequence verification of long-chain
oligonucleotides, nine oligonucleotides differing in size
and base sequence were analyzed in 172 different
ICEMS2 experiments in which both selected charge
state and collision energy were systematically varied.
The proper setting of collision energy was essential in
order to avoid misinterpretation of internal or second-
ary fragment ions formed at higher collision energies as
regular a-B or w ions. Hence, the collision energies were
set high enough so that the sequence was covered as
completely as possible by ions of the a-B and w series
but low enough to keep secondary and/or alternative
fragmentation pathways to a minimum. This compro-
mise was found to be in the region of the collision
energy just sufficient for complete fragmentation of the
precursor ion [25]. The relative collision energies were
typically varied in the range between 13 and 20%.
Additionally, the charge states of the selected oligo-
nucleotide precursor ions were varied to study its
influence on the success of COMPAS in combination
with the selected collision energy. As can be deduced
from Table 2, the minimum and maximum charge states
of the observed species were in the range of 6- to 34- for
the investigated oligonucleotides. Various charge states
were selected for fragmentation by ICEMS2 based on
the following criteria: charge states having signal inten-
sities close to the maximum signal intensity observed in
the spectrum, lower charge states having a relative signal
intensity of approximately 20–40%, and in some cases, the
lowest charge state observed in the mass spectrum.
Table 2 summarizes the results of ICEMS2–COMPAS
with oligonucleotides ranging in lengths from 38 to 80
nt (Oligonucleotides 1–9, Table 1 ). Positive and nega-
tive sequence verifications are identified in the table by
check marks and crosses, respectively. For repetitive
experiments under identical conditions, the results of
the individual experiments are indicated separately. It
can be seen that COMPAS yielded positive sequence
verifications for all oligonucleotides up to 80-mers
utilizing at least three different combinations of charge
state and collision energy. In most cases, a verification
of the reference sequence was possible in a window of
two or more consecutive collision energies (Table 2). At
15% relative collision energy, all oligonucleotides ex-
cept the 70- and the 80-mer were successfully verified,
while the latter showed positive results at slightly
higher collision energies, indicating that higher colli-
sion energy is required for the fragmentation of long-
chain oligonucleotides. A relative collision energy of
20% enabled positive sequence verifications only in
three experiments and presumably represents the up-
per limit of applicable collision energies. In general, thewindow of suitable collision energies was significantly
broader with smaller oligonucleotides. As already dis-
cussed above, very low charge states were usually not
intense enough for confident sequence verification. The
most suitable charge states selected for ICEMS2–
COMPAS were generally located somewhere between the
lowest observable and the most abundant charge state.
The results presented above indicate that COMPAS
is basically applicable for the re-sequencing of oligonu-
cleotides up to 80-mers using quadrupole ion trap mass
analyzers. However, the range of suitable experimental
conditions for successful sequence verification becomes
narrower with oligomers longer than 60-mers. Hence, a
couple of experiments with variation in precursor ion
selection and collision energy are recommended for the
investigation of longer oligomers. The upper size limit
of about 80 nucleotides for COMPAS is in part due to
the limited mass accuracy of the utilized quadrupole
ion trap mass analyzer. High mass accuracy is manda-
tory for the correct assignment of calculated and mea-
sured fragment ion masses, especially because gener-
ally only one charge state is utilized for the calculation
of the molecular mass of a fragment ion. Accordingly, a
mass accuracy typical for an ion trap mass analyzer of
0.3–0.5 mass units translates into an absolute mass
difference of 6–10 mass units for the 20- charge state
of an 80-mer fragment ion (Mr  25,000) showing a
signal at m/z 1250 in the mass spectrum. Such a mass
accuracy makes the differentiation of A and T having a
difference of nine mass units impossible.
Whether or not the upper size limit for COMPAS can
be increased with mass analyzers offering higher mass
accuracy, such as time-of-flight or Fourier transform ion
cyclotron resonance mass analyzers [33], remains to be
investigated. Nonetheless, earlier studies have shown
that fragmentation conditions in quadrupole ion traps
favor low-energy fragmentation reactions [34–36],
yielding mainly a-B and w fragments. Although the
fragmentation in linear multipole collision cells under
low-energy conditions has not been studied in detail so
far, the published data indicate that several alternative
fragmentation pathways as well as more unspecific
fragmentations are observed, which make the interpre-
tation of the MS2 spectra of oligonucleotides longer than
20–30 nucleotides difficult, if not impossible [36].
Hence, it may be the case that for the COMPAS algo-
rithm less selective fragmentation resulting in an in-
creased number of unspecific fragments outweighs the
advantage of improved mass accuracy offered by alter-
native mass analyzers.
Reproducibility of COMPAS Results
A prime prerequisite for any analytical method besides
accuracy is reproducibility. In the context of COMPAS
this means that the sequence verification can be re-
peated several times using the same set of experimental
parameters. To evaluate the reproducibility of
COMPAS, the sequence of a 50-mer (Oligonucleotide 5,
518 OBERACHER ET AL. J Am Soc Mass Spectrom 2004, 15, 510–522Table 1) was checked by six consecutive analyses. In
each run, 65 pmol of the synthetic raw product were
purified by IP-RP-HPLC using a gradient of 4 to 20%
acetonitrile in 25 mM butyldimethylammonium bicar-
bonate in 10 min. The MS2 spectra originated from
fragmentation of the 13- charge state at 19% relative
collision energy and were extracted as the average of
approximately 20 scans from the peak eluting at 6.2
min. Input of the mass spectral data and application of
the COMPAS algorithm gave the correlation diagrams
depicted in Figure 3. Although the patterns of fitness
values for alternative sequences varied in the correla-
Figure 3. Six consecutive sequence verification
correlation diagrams for the 50-mer oligonucleo
1185.1, 4.0 u isolation width, 19% relative collisi
50-mer; other conditions as in Figure 1.tion diagrams for the 50-mer oligonucleotide due to
slight differences in the observed fragment ion spectra,
all six calculations proved correctly and unequivocally the
sequence of Oligonucleotide 5. This observation indicates
that COMPAS is reproducible and reliable for the se-
quence verification even of long-chain oligonucleotides.
Determination of the Mass Detection Limit
of ICEMS2–COMPAS
In order to be applicable to the analysis of real biolog-
ical DNA samples amplified by the polymerase chain
synthetic 50-mer by ICEMS2–COMPAS. (1)–(6)
Product ions of the 13- charged species at m/z
ergy; scan, 500–2000 u; sample, 65 pmol of thes of a
tide.
on en
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verification utilizing fmol amounts of sample material.
For the determination of the effect of sample amount on
COMPAS results, a number of ICEMS2 experiments
were performed by analyzing 500 nL of a solution that
contained a synthetic 50-mer oligonucleotide (Sequence
5, Table 1) at decreasing concentrations. The obtained
fragment ion spectra were evaluated with respect to
positive or negative confirmation of the reference se-
quence using COMPAS. The results of this study are
summarized in Table 3. It is apparent that two different
limits for the applicability of COMPAS can be distin-
guished. Without changing any experimental parame-
ter, the sequence verification of the 50-mer was possible
with amounts down to 3.25 pmol.
Interestingly, by applying reduced-flow conditions,
in which the eluent flow rate was reduced from 2
L/min to 500 nL/min during elution of the oligonu-
cleotide, COMPAS was successful in checking the oli-
gonucleotide sequence down to 295 fmol of the raw
50-mer. The reduction in the flow-rate enabled an about
2 to 3-fold increase in the time window available for
MS2 investigation, resulting in a considerable improve-
ment in the quality of the recorded MS2 spectra. The
amount of 295 fmol is equivalent to the mass detection
limit for oligonucleotide analysis by ICEMS2. At this
point it is also important to note that the synthetic
oligonucleotide used for this dilution series was a raw
product from solid-phase synthesis, containing up to
40–50% of byproducts. Hence, the detection limits of
MS2 and of COMPAS for single compounds are in fact
significantly lower than 295 fmol and consequently in a
range where PCR products can be successfully ana-
lyzed.
Comparison of Normal Flow- and Reduced Flow
Analyses
Figure 4 illustrates the tandem mass spectra and the
corresponding correlation diagrams of 65 pmol and 295
fmol amounts of a synthetic 50-mer oligonucleotide,
respectively. It is obvious that upon reducing the sam-
ple amount the signal intensity as well as the number of
Table 3. Dependence of the COMPAS result of a 50-mer on the
spectrum
Amount
analyzed
[fmol]
Reduced
flow
applied
Number of
detected ions/
assignments
Seq
con
65000 no 384/412
6500 no 309/307
3250 no 263/243
1300 no 224/239
650 no 154/152
433 no 99/155
371
325
295detected fragment ions decreased continuously (Figure
4 and Table 3). Table 3 also lists the number of assign-
ments which may be higher than the number of de-
tected ions, because several fragments having different
charge states may match with the same m/z value. The
number of sequence specific fragment ions was high
enough in both cases to unequivocally verify the correct
sequence of the 50-mer.
However, sample amounts equal or less than 1.3
pmol could be successfully re-sequenced only under
reduced flow but not under normal flow conditions.
This is a consequence of the higher number of recorded
MS2 spectra, resulting in better spectrum quality, a
higher number of fragment ions, higher number of
assignments, and higher mass accuracy because of
better spectrum statistics. Finally, 117 fragment ions
were detected upon analysis of 295 fmol, which were
still specific enough to correctly verify the sequence of
the 50-mer. At this point, it is difficult to reveal the mass
spectral details that enabled a positive sequencing re-
sult by using 131 assignments obtained from 295 fmol of
sample in reduced flow mode, while 155 assignments
with 433 fmol in normal flow mode could not verify the
sequence. We believe that the most probable explana-
tion for the different result rests within a better mass
accuracy and better statistics of signal intensity which
may be achieved at reduced flow because of longer
measurement times.
SNP Genotyping Using COMPAS
The polymorphic locus present in a 62-bp fragment of
the Y-chromosomal locus M9 was utilized to demon-
strate the feasibility of direct genotyping of SNPs by
ICEMS2 and COMPAS. We have shown recently that
the two possible genotypes of M9 containing either C or
G at position 22 from the 5 end of the forward strand
can be determined unequivocally by intact molecular
mass measurement using ICEMS [17]. Nevertheless, for
the determination of the exact position of the base
exchange sequencing information is mandatory. There-
fore, the 19- charge state of the HPLC-purified forward
strand was isolated and fragmented at 20% relative
unt of oligonucleotide used to generate the fragment ion
e
d
Reduced
flow
applied
Number of
detected ions/
assignments
Sequence
confirmed
yes 285/276 yes
yes 204/251 yes
yes 211/214 yes
yes 161/160 yes
yes 123/149 yes
yes 106/114 yes
yes 117/131 yesamo
uenc
firme
yes
yes
yes
no
no
no
520 OBERACHER ET AL. J Am Soc Mass Spectrom 2004, 15, 510–522collision energy. The m/z values and relative signal
intensities in the fragment ion spectrum served as input
for the comparative sequencing algorithm. Figure 5
depicts the fitness diagrams using the forward strand
sequences of the two possible genotypes as reference
sequences. For clarity of presentation, only the nucleo-
tides between the two primers from position 22–33 are
included in the diagrams.
From Figure 5a it becomes clear that the sequence of
the C allele did not match the experimental data. G
instead of C at position 22 was most likely the correct
base, because the fitness value of a sequence containing
G at position 22 was the lowest observed in the corre-
lation diagram. In fact, incorporation of G into position
22 of the sequence and recalculation of the correlation
diagram showed a perfect match between the fragment
ion spectrum and the reference sequence (Figure 5b).
Hence, both fitness diagrams positively confirmed the
allelic state of the investigated amplicon as the G allele
at position 22 in the forward strand, which was addi-
tionally confirmed by restriction fragment polymor-
phism analysis [17].
Figure 4. Tandem mass spectra (a, c) and corre
using different sample amounts. Flow rate, (a) 2.0
6.1 min; product ions of the 13- charged specie
collision energy; scan, 500–2000 u; sheath liquid
(a) 65 pmol, (c) 295 fmol of the 50-mer; other coConclusions
This study explored both the potential as well as the
limits of ICEMS2 in combination with a computer-aided
comparative sequencing algorithm called COMPAS for
the sequence verification of investigation of sequence
variation in synthetic oligonucleotides and PCR prod-
ucts. Given the fact that more than two SNPs are very
unlikely to occur within a single, short PCR amplicon
(100 bp), the method can be used both to determine
the allelic state of known polymorphisms and to iden-
tify previously unknown mutations. The method is
applicable to the fully automable re-sequencing of nu-
cleic acids ranging in size from a few to 80 nucleotides.
Experimental parameters were shown to have a
significant impact on the success of the comparative
sequencing algorithm. For successful sequencing it is
necessary to find a compromise between high signal
intensity and low charge state of the parent ion. More-
over, the collision energy has to be high enough to
generate fragments covering the sequence as com-
pletely as possible by a-B and w ions but low enough to
diagrams (b, d) for the 50-mer oligonucleotide
min, (c) 2.0 L/min reduced to 500 nl/min after
m/z 1185.1, 4.0 u isolation width, 19% relative
.0 L/min, (c) 500 nL/min acetonitrile; sample,
ons as in Figure 1.lation
L/
s at
, (a) 2
nditi
521J Am Soc Mass Spectrom 2004, 15, 510–522 DNA SEQUENCING BY MS2suppress secondary and/or alternative fragmentation
pathways. By using a reduced flow procedure, se-
quence verification is possible for a few hundred fmol
of oligonucleotides by ICEMS2–COMPAS. Therefore,
sequences amplified by PCR can be readily analyzed.
Because there is no need for manual inspection of mass
spectra, the method can also be utilized by non-experts
in the interpretation of mass spectra. Due to its sensi-
tivity, reliability, and short analysis times on a scale of
a few minutes, ICEMS2–COMPAS has the potential for
routine, medium-throughput genotyping.
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Figure 5. Genotyping of the PCR-amplified, Y-chromosomal
locus M9 by ICEMS2–COMPAS. Linear gradient, 5–70% B in 10.0
min; flow rate, 2.0 L/min reduced to 500 nl/min after 4.6 min;
product ions of the 19- charged species at m/z 1001.9, 4.0 u
isolation width, 20% relative collision energy; scan, 500–2000 u;
sheath liquid, 500 nL/min acetonitrile; sample, 500 nl of the crude
PCR solution; other conditions as in Figure 1.References
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